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ABSTRACT 
 There are observed trends that show the climate is changing. Temperatures are rising, 
and precipitation patterns are shifting. In the central US, it is projected that there will be an 
increase in the frequency of spring precipitation, and a decrease in the summer. This 
precipitation shift can lead to an adverse affect on crop yield in farmed potholes, as this area 
is more susceptible to flooding or ponded conditions. A data gap exists on how crops respond 
to ponding within these farmed potholes, and if planting an alternative crop that is more 
resilient to drowning is a viable management change for these areas. We combined a range of 
future precipitation scenarios with an agroecosystem model to simulate the effects of 
contemporary (2002-2016) and future precipitation on a conventional corn/soybean (Zea 
mays L and Glycine max) rotation and an alternative perennial miscanthus (Miscanthus × 
giganteus Greef et Deu) cropping system. The overall goal of this study was to develop a 
framework to assess the viability of planting the rhizomatous perennial grass miscanthus in 
farmed potholes under varying precipitation patterns and ponding conditions and improve the 
understanding of how traditional and alternative crops within farmed potholes react to a 
changing climate. In the context of this goal we hypothesized that 1) under the current 
climate, the control land use will have larger and more frequent losses in yield due to 
ponding relative to miscanthus, 2) under the future climate, depth and frequency of ponding 
will increase, but the dynamics of the ponding will be dependent on the way precipitation 
patterns change, and 3) under any future precipitation scenario, losses due to ponding will be 
greater in the conventional management of corn/soybean rotation relative to the perennials.  
On average for the contemporary climate, 40.4% of corn/soybean yields were a total 
loss, and only 2.2% of the miscanthus yields were a total loss, supporting hypothesis 1. The 
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corn/soybean rotation had more frequent total losses than miscanthus. The depth and 
frequency of ponding increased under most future precipitation scenarios, partially 
supporting hypothesis 2. Under two precipitation scenarios, the corn/soybean rotation and 
miscanthus simulations showed an increase in yield. For the two of the more extreme 
precipitation scenarios, the miscanthus had greater losses than the corn/soybean rotation. The 
corn/soybean rotation only experienced greater loss in yield than miscanthus for the most 
extreme scenario. While the relative losses were greater for some miscanthus scenarios, 
miscanthus did better in overall total production than corn and soybean. Our results show that 
compared to a conventional corn/soybean rotation, miscanthus performs better within farmed 
potholes under future precipitation scenarios. More data is required to further understand the 
economic viability and environmental benefits of transitioning conventionally farmed 
potholes to a perennial miscanthus alternative.
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CHAPTER 1 
INTRODUCTION 
 Closed surface depressions in agricultural fields (i.e. farmed potholes) are sub-field 
scale features where temporary, seasonal, or semi-permanent ponds may form (Stewart and 
Kantrud, 1971). The Prairie Pothole Region (PPR) of the Upper Midwest US is characterized 
by these depressions and extends from central Iowa, northwest to Alberta, Canada, covering 
more than 700,000 km2 (Miller et al., 2009; van der Valk, 2005). Crop production took place 
on 263,046 km2 of the PPR as of 1996, and Rashford et al. (2010) projected that this number 
would to grow due to conversion of grassland to cropland. Farmed potholes are often areas of 
low productivity compared to the high yielding land common across the PPR due to 
conditions such as poor soil quality, erosion, and water logging (Muth and Bryden, 2012). 
Sustained periods of flooding within potholes can lead to crop failures and significant 
monetary losses. In 2011, floods in farm fields of the Midwestern United States resulted in 
$1.6 billion worth of losses in corn and soybean (Bailey-Serres et al., 2012). 
 Crop productivity in the PPR is likely to decline and/or become more variable with a 
changing climate, as climate change is projected to both increase precipitation during the 
growing season and shift the timing of precipitation, with more precipitation likely to occur 
during the spring/early farming season (Takle and Hofstrand, 2008; Karl et al., 2009). An 
increase in rainfall frequency during the planting season may cause a decrease in crop 
productivity due to a delay in planting and reduced yields (Rosenzweig et al., 2002). 
However, a potentially more severe impact of wetter springs may be the increased risk of 
freshly planted or emerging crops to experience water logged soils or flooding, especially in 
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regions of field depressions. Thus, as increased precipitation and extended wet periods result 
in more ponding within farmed potholes, production would benefit from crops with an 
increased flood tolerance. Evidence suggests that perennial crops perform better in potholes 
compared to corn (Zea mays L.) and soybean (Glycine max) crops (Bailey-Serres et al., 2012; 
Mann et al., 2013). Therefore, incorporating alternative management practices, such as 
conservation restoration programs or planting perennial grasses, may help to minimize or 
eliminate losses in flood-prone pothole areas. 
1.1 Future Climate Trends 
 Trends within the United States climate record of the past 50 to 100 years suggest that 
average temperatures are rising and that there is a shift in the timing of rainfall leading to 
wetter springs and drier summers (Easterling et al., 2000; Takle and Hofstrand, 2008; Karl et 
al., 2009; Lobell et al., 2011). There is also an observed trend of an increase in the frequency 
of very heavy and extreme rain events, defined as daily rain event totals above 76.2 mm and 
daily and multiday rain events with totals above 154.9 mm, respectively (Groisman et al., 
2012). Due to their dependence on weather, rainfed crops can be subject to periods of water 
stress or dry stress. The timing of these stresses can have profound effects on yield as they 
can occur during critical development stages of the crop (Grassini et al., 2009; Dai et al., 
2015). It is necessary to understand the variability of a changing climate so that we can 
anticipate how crops might respond to these precipitation changes in the future. 
 The observed record (1880-2012) shows that there has been an increase of 0.85 °C in 
global mean temperature (IPCC, 2013). This increase in mean temperature is not due to just 
an increase in daily maximum temperatures, but also due to an increase of daily minimum 
temperatures (Easterling et al., 2000). Lobell et al. (2011) found that since 1950, global 
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average temperatures have risen by roughly 0.13 °C per decade, and Dai et al. (2015) found 
that in the Midwest United States, average growing season temperatures had increased by 
0.15 °C since 1980. Growing season maximum temperatures of the Midwest United States 
had increased by 0.13 °C per decade and minimum temperatures had increased by 0.17°C per 
decade from 1980-2013 (Dai et al., 2015). The central United States, however, has actually 
lagged behind the increasing temperature trends due to an increase in late summer 
evapotranspiration (Pan et al., 2004). Higher precipitation in early summer (May, June, July) 
leads to more soil moisture that is in turn transpired by vegetation and crops. A decrease in 
solar radiation due to an increase in cloudiness and more of the surface energy budget going 
to latent heating offsets the overall warming trends (Pan et al., 2004). The increase in 
minimum temperatures has led to the observation of a lower occurrence of frost days and a 
decrease in the number of days below freezing across the United States (Easterling et al., 
2000). 
 Annual precipitation has also been increasing over the United States. Total 
precipitation over the contiguous United States has increased by about 6% during the 20th 
century, with changes in heavy precipitation in the past 30 to 40 years becoming statistically 
significant (Groisman et al., 2012). More specifically, intense precipitation days and events 
with totals above 25.4 mm have seen an increase in frequency, while the frequency of 
moderately heavy rain events (defined as totals within 12.7-25.4 mm) did not change 
(Groisman et al., 2012). For locations in the Midwest United States, Dai et al. (2015) 
observed that growing season precipitation has increased by 12.20 +/- 21.27 mm per decade 
between 1980 and 2013. Early season precipitation is increasing by 16.79 mm per decade on 
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average and late season precipitation is decreasing by 4.73 mm per decade on average (Dai et 
al., 2015). 
 Since the 1970s, an increasing portion of the United States has been experiencing an 
increase in the frequency precipitation (Karl et al., 1996). There is a tendency for more days 
with heavy 24 hour precipitation totals when looking at trends in one day and multi-day 
heavy precipitation events (Easterling et al., 2000). The increase of precipitation in the early 
growing season with a decrease in the late growing season has been observed in the 
following eight Corn Belt states: Illinois, Iowa, Michigan, Minnesota, Missouri, Nebraska, 
North Dakota, and Wisconsin (Dai et al., 2015). Within Iowa, the drying trend in the late 
season has been found to be of greater magnitude than the wetting trend in the early season 
(Dai et al., 2015).  
 To further investigate these trends, the North American Regional Climate Change 
Assessment Program (NARCCAP) was created to specifically examine future climate 
projections and uncertainty at the regional scale for the North American region (Mearns et 
al., 2012). Four atmosphere-ocean general circulation models (AOGCMs) were used to 
provide boundary conditions to six regional climate models (RCMs) for 30 years of future 
climate (2041-2070). Simulations used the Special Report on Emissions Scenarios (SRES) 
A2 emissions scenario, a higher end emissions scenario, but not the highest (Nakicenvoic et 
al., 2000). Results under the A2 emissions scenario showed precipitation increasing in the 
spring and decreasing in the summer (Mearns et al., 2012) 
 The mechanism behind the projected increase of extreme precipitation is not so clear. 
Emori and Brown (2005) looked at the change of dynamic (change in atmospheric motion) 
and thermodynamic (change in atmospheric moisture) components of mean and extreme 
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precipitation changes projected in six climate models. There was an overall increase in the 
thermodynamic change in extreme precipitation and mean precipitation for mid to high 
latitudes. The dynamic term was found to play more of a secondary role. The primary reason 
precipitation extremes are expected to increase can be explained thermodynamically by the 
Clausius-Clapeyron equation that states a warmer atmosphere has a larger saturation vapor 
pressure (Lenderink and van Meijgaard, 2010). A warmer atmosphere that can hold greater 
amounts of moisture leads to more precipitable water and thus the potential for more extreme 
precipitation events. Lenderink and van Meijgaard (2010) states that for a degree rise in 
temperature, the moisture holding capacity of the atmosphere increases by about 7%, though 
there are atmospheric conditions that lead to deviations from this idealized scaling. 
1.2 Effect of Climate on PPR Crops 
While there are some positive effects of climate change (longer growing seasons and 
increased atmospheric CO2), the projected change in precipitation patterns is likely to lead to 
harmful effects on crops (Dai et al., 2015). The interannual variability of yields are driven 
strongly by precipitation (Lobell et al., 2011). Because of the expected increasing trends of 
temperature and precipitation amounts and variability in future climate, there is strong 
motivation to focus on a way to adapt agriculture to climate change (Howden et al., 2007). 
Investment into agriculture adaptation research in the short term can provide insight into long 
term options or policies that will be robust enough to withstand potentially larger climate 
impacts in the future (Howden et al., 2007). 
With the exception of rice, most annual crops are sensitive to prolonged 
waterlogging, making them more susceptible to drowning. Corn and soybean have a low 
tolerance to prolonged durations of oxygen deficiency, resulting in low survival rates and 
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decreased yield in the presence of ponded surfaces or waterlogged soils (Fukao and Bailey-
Serres, 2004; Bailey-Serres et al., 2012). Corn has been observed to survive waterlogging up 
to 10 days (Zaidi et al., 2004) and soybean between two and four days (Rhine et al., 2010). 
Even though starchy seeds such as corn are able to geminate under reduced oxygen, 
developing seedlings are more sensitive to this stress post germination (VanToai et al., 1995). 
Although flooding in potholes occur often enough to be a problem for conventional crops of 
corn and soybean, rhizomatous perennials are an alternative cropping option that have a 
greater resiliency due to the ability to go dormant and store energy into their rhizomes. The 
rhizome thus acts as a nutrient reserve when the plant experiences stresses such as oxygen or 
water stress. Therefore, transitioning particularly vulnerable portions of the PPR landscape 
from the conventional cropping systems to less susceptible perennial systems is one potential 
adaptation to changes in precipitation variability.  
Miscanthus × giganteus Greef et Deu. (referred to hereafter as miscanthus) is a 
perennial, rhizomatous grass with the C4 photosynthetic pathway. Sterile clones of this hybrid 
were naturally produced when diploid Miscanthus sinensis crossed with tetraploid 
Miscanthus sacchariflorus in East Asia, forming triploid, sterile progeny that are now used 
agronomically (Lewandowski et al., 2000, Clifton-Brown et al., 2015). Because miscanthus 
requires fewer inputs and produces more biomass than corn (Beale and Long, 1997; 
Dohleman and Long, 2009), it is a strong biomass energy crop candidate (Heaton et al., 
2008; Somerville et al., 2010; Clifton-Brown et al., 2015). Comparison between the 
thresholds of corn, soybean, and miscanthus survival following extreme flood stress shows 
that miscanthus is more tolerant to longer durations of increased soil moisture. A study 
performed by Mann et al. (2013) revealed that established cohorts and propagule cohorts of 
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miscanthus under flood stress performed just as well as, if not better than, the non-moisture 
stress control group after eight and 16 weeks, respectively. Being the offspring of a wetland 
grass (M. sacchariflorus), it is likely that miscanthus has inherited mechanisms that aid in 
increasing this tolerance. One factor leading to the increased flood tolerance of wetland 
plants is having enhanced aerenchyma tissue formation (tissue with large air spaces in 
between cells) compared to an annual crop such as corn or soybean (Pezeshki, 2001). 
Aerenchyma can form in, and connect between, roots, stems, and leaves, acting as an oxygen 
transport system and allowing increased diffusion of O2 (needed for cellular respiration) in 
anoxic (oxygen depleted) waterlogged soils (Bailey-Serres, 2014). Rhizomes of wetland 
plants are also able to obtain oxygen from the plant's shoot system via gas-phase transport 
under flooded conditions (Armstrong et al., 1994). 
The ability to sustain prolonged periods of ponding or soil waterlogging suggest that 
transitioning potholes away from annuals to perennials may increase crop production within 
these flood-prone areas. However, production is only one of the key ecosystem services that 
vegetation can provide (Millenium Ecosystem Assessment, 2005). It is also critical to 
identify strategies that can reduce the environmental impacts of agriculture while still 
providing the goods needed to support a growing population (Tilman et al., 2009). The 
transition of farmed potholes to either a retired or alternative management can promote 
positive environmental impacts such as creating a carbon storage site (Euliss et al., 2005), 
reducing CH4 and N2O emissions via decreased agricultural fertilizer input (Gleason et al., 
2009), decreasing sedimentation (Morefield et al., 2016), improving water quality, and 
increasing wildlife biodiversity (Reynolds et al., 2006; Johnson et al., 2008; Cortus et al., 
2009). 
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 While there are alternatives to farming potholes using conventional methods, 
changing current practices can be a costly investment. Even though the general trends of 
climate change are known, the uncertainty in the projections of precipitation dynamics can 
produce varying impacts on crop production as a result. For example, in drier years, it has 
been observed that potholes have greater yields than their surroundings (Zipper et al., 2016). 
More information is needed to understand how an alternative crop will react with a changing 
climate to appreciate the significance of the management change relative to current practice. 
1.3 Hypotheses and Objectives 
 The overall goal of this study was to develop a framework to assess the viability of 
planting the rhizomatous perennial grass miscanthus in farmed potholes under varying 
precipitation patterns and ponding conditions and improve the understanding of how 
traditional and alternative crops within farmed potholes react to a changing climate. The 
change in management would be considered viable if the percent loss in yield of miscanthus 
is less than that of the conventional corn/soybean rotation for similar precipitation and 
ponding scenarios.  
 In the context of this goal, we hypothesized that 
1) under the current climate, the control land use will have larger and more frequent losses in 
yield due to ponding relative to miscanthus,  
2) under the future climate, depth and frequency of ponding will increase, but the dynamics 
of the ponding will be dependent on the way precipitations patterns change, such that 2a) 
relative to current climate, the intensity scenarios will have deeper and more extensive 
ponding and 2b) relative to the intensity scenarios, frequency scenarios will see more 
recurring, but shallower ponds, and  
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3) under any future precipitation scenario, losses due to ponding will be greater in the 
conventional management of corn/soybean rotation relative to the perennials. 
 To achieve this goal, the following objectives are addressed: 
1) adapt the land surface and ecosystem Agricultural Integrated BIosphere Simulator 
Variably Saturated Flow (AgroIBIS VSF) model to simulate ponds,  
2) develop future precipitation scenarios where changes in precipitation are due to either 
shifts in intensity or frequency, and  
3) test the impact of future climate on pond dynamics and the resulting impacts of excess 
moisture stress on the current corn/soybean rotation (i.e. control) that dominates the region 
relative to a perennial treatment (i.e. miscanthus).  
 To test our hypotheses and address these objectives, we conducted a combined 
modeling and field-based study which incorporated data collected across scales ranging from 
the leaf to the field with a physically-based agro-ecosystem model. To generate distributions 
of pothole dynamics reflective of physical responses, a fifteen year weather record from a 
nearby weather station will be used. To simulate the impacts, the land surface and ecosystem 
model AgroIBIS VSF will be used (Carr, 2014; Soylu, 2014; Zipper, 2015). Pothole behavior 
under future climate precipitation scenarios was also investigated, as the extent of pothole 
influence may increase with modeled trends of increased precipitation events observed early 
in the corn/soybean farming season. 
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CHAPTER 2 
METHODS 
 The overall approach of this study was to collect targeted spatially explicit empirical 
data that quantify the effects of soil, management, and weather on crop productivity from the 
field and combine those data with a process based model that was configured to be run on a 
sub-field grid. Model simulations were then driven by a combination of historical, site-
specific weather data as well as a range of scenarios intended to capture the future variability 
in precipitation for the PPR region. Observed data such as biomass, leaf area index (LAI), 
yield, and weather were collected. AgroIBIS VSF was calibrated and validated with this data 
from three different sites withinin the PPR of Central Iowa to simulate the growth of corn, 
soybean, and miscanthus. Future precipitation scenarios were derived from the observed 
weather data set. Simulations were driven with these precipitation scenarios to analyze 
variable ponding influence on crop production. 
2.1 Model Background 
 AgroIBIS VSF was chosen to model the effects of potholes on crops for this study. 
AgroIBIS, or the Agricultural Integrated BIosphere Simulator, is a process-based terrestrial 
agro-ecosystem model that runs at a 60 minute time step and is driven with meteorological 
data such as temperature, precipitation, relative humidity, solar radiation, and wind speed 
(Kucharik, 2003). AgroIBIS is coupled with HYDRUS-1D in order to create AgroIBIS VSF 
(Soylu et al., 2014). HYDRUS-1D is a model used to analyze the water flow and solute 
transport in variably saturated porous media (Simunek et al., 2009). AgroIBIS soil water flux 
and heat transport algorithms were replaced by HYDRUS-1D's, which numerically solves the 
11 
 
mixed-based Richards' equation in terms of pressure head. Past studies have used AgroIBIS 
VSF to study the influence of groundwater on corn water use and productivity (Soylu et al., 
2014), the effects of shallow groundwater and soil texture on subfield scale yield (Zipper et 
al., 2015), and to model the effect of the water table on soil moisture (Carr, 2014). For a 
more in depth description of AgroIBIS VSF, the reader is directed to the study of Soylu et al. 
(2014). 
2.2 Model Modifications and Parameterization 
 AgroIBIS VSF previously did not model the growth of miscanthus. This study 
merged a miscanthus module created for AgroIBIS with AgroIBIS VSF (VanLoocke et al., 
2010, 2012, 2016). To simulate the impact of ponding on crops for this study, a drowning 
function was created. This drowning function was derived from AgroIBIS's freeze kill 
function, and uses the depth and duration of ponded water simulated by the model to 
determine when a crop will die and accumulate no more biomass. Different drowning 
thresholds were created for corn, soybean, and miscanthus (Table 1). Corn and soybean 
thresholds were based studies of corn and soybean tolerance to soil waterlogging (Zaidi et al., 
2004; Rhine et al., 2010). Two drowning thresholds were created for miscanthus. Thresholds 
for tolerance of drowning durations seen from Mann et al. (2013) were used as a high 
threshold. Since the higher thresholds were observed under a glasshouse setting which may 
have had optimal conditions for the growth of miscanthus, a lower threshold was created to 
see the effect ponding would have if miscanthus were more susceptible to drowning under 
open environment and possible non-optimal conditions. While the miscanthus from the Mann 
et al. (2013) study did not drown, it was observed that after three days of exposure to ponded 
conditions, the growth of miscanthus temporarily stopped, resuming after about a week. To 
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simulate the temporary growth stop observed by Mann et al. (2013) miscanthus became 
dormant after 72 hours of ponding and recovered after one week. 
 AgroIBIS VSF applies oxygen stress to crops through use of the piecewise Feddes 
function (Feddes et al., 1978; Soylu et al., 2014). In order to apply the appropriate amount of 
oxygen stress to each crop, the soil pressure head values that drive the piecewise Feddes 
function had to be added for miscanthus and soybean. Miscanthus head values were chosen 
based on wetland grass values from Taylor and Ashcroft (1972) and Booth and Loheide 
(2010), and soybean values were taken from Taylor and Ashcroft (1972).  
There is a ponding algorithm that is based on precipitation. Precipitation is initially 
divided up between a puddle or runoff. The model then accounts for evaporation and 
infiltration from the puddle. If the puddle height is then greater than the max puddle height 
set in the model, the excess is apportioned to runoff. Maximum puddle height was 
systematically decreased for simulations to emulate an increase in elevation. 
Ponds were directly read into AgroIBIS VSF and created from an empirical model 
based on observed daily precipitation data from 2016 and ponding depth and drainage 
measurements recorded in the one of the potholes, referred to hereafter as Lettuce pothole 
(Figure 1). If precipitation in a 24 hour period summed to greater than 19 mm, the pond was 
calculated from the following equation:   
 
𝐷𝑒𝑝𝑡ℎ 𝑜𝑓 𝑝𝑜𝑛𝑑𝑖𝑛𝑔 (𝑚𝑚) = (24ℎ𝑟 𝑝𝑟𝑒𝑐𝑖𝑝)×0.7377 + 125.04                                      (1) 
 
Drainage from the pond occurred at a constant decrease of 1.46 mm/hr. When the 
empirical model saw no ponding, AgroIBIS VSF's native ponding feature was used. In order 
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to account for the effects of elevation on the ponding depth, heights greater than the lowest 
elevation of the pothole were subtracted from the ponded depth. 
 The model initially used the soil texture classes of Carsel and Parrish (1988) along 
with soil water retention properties based on the Van Genuchten equation (Van Genuchten 
1980; Zipper, 2015). These soil textures were replaced with soil texture observations (Carr, 
2014; Steven Hall, Iowa State University, personal communication) taken from the field site 
at 20 cm depth intervals and passed through the pedotransfer function in HYDRUS-1D. This 
pedotransfer function calculated the necessary soil parameter inputs required to run the 
model, which included: saturated hydraulic conductivity, air entry potential, porosity, 
residual water content, and pore size distribution (n parameter in the Van Genuchten 
equation). After test simulations using the site specific soil data, it was found that the 
pedotransfer function used by HYDRUS-1D tended to overestimate saturated hydraulic 
conductivity (Sam Zipper, University of Wisconsin-Madison, personal communication) and 
that saturated hydraulic conductivities can vary widely for a given soil texture (Carsel and 
Parrish, 1988). In order to match the frequency of ponding events observed, saturated 
hydraulic conductivity of the surface layer was decreased. 
2.3 Model Setup 
To build up the appropriate amount of soil carbon and nitrogen, a spinup period was 
run for AgroIBIS VSF for the years 1750 to 1900 that used an accelerated procedure to 
produce realistic levels of soil carbon. A second spinup period was run for the years 1901 
through 2002, simulating the corn/soybean crop rotation. Weather for the period 1901-1947 
was generated by selecting a random year of data from the 1948-2002 year period of daily 
weather data created from the Climate Research Unit (CRU) and National Center for 
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Atmospheric Research (NCAR) reanalysis dataset. For the years 1948 to 2002, the respective 
daily weather data was used for the simulated year. 
 The thickness of the AgroIBIS VSF soil domain was five meters, divided into 400 
soil layers. The surface soil layer depth was chosen to be 0.5 cm, with each subsequent layer 
increasing in thickness by a constant 0.00376 cm. Simulations were run with free drainage 
out of the bottom of the domain. 
2.4 Field Sites 
The study sites were Been Farm, Bennett Farm, and Sorensen Farm in Ames, IA 
(approx. 41.9833° N,-93.6832° W; 41.9890° N, -93.6823° W; and 42.0145° N,-93.7435° W 
respectively; Figure 2). Been and Bennett Farm have been in a corn/soybean rotation since 
2004, with corn planted every odd year in Been, and soybean every odd year in Bennett. 
Both crops are planted with a 30 inch row spacing. Tillage occurs in the fall after corn 
harvest and the field is cultivated in the spring.  
 Sorensen Farm is one of three sites used in the Long-term Assessment of Miscanthus 
Productivity and Sustainability (LAMPS) field experiment. LAMPS focuses on determining 
how stand age, fertilization, and growing season affects the yield and yield stability of 
miscanthus over time in order to reduce uncertainties facing the establishment and production 
of miscanthus. Blocks of miscanthus are established over three planting years (2015, 2016, 
and 2017) and treated with five different nitrogen application rates (0 lb/ac, 100 lb/ac, 200 
lb/ac, 300 lb/ac, 400 lb/ac). Only data from the 0 lb/ac nitrogen application rate were used. 
2.5 LAI, Biomass, and Ponding Depth Collection 
 To measure the extent of influence ponding and elevation had on the leaf area index 
(LAI) of corn for the 2016 growing season, LAI measurements were taken about every 3 
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meters in a transect through the Bennett Field site on 8/16/2016, where one pothole in 
particular was known to have affected the 2016 crops (Lettuce pothole, Figure 3). LAI was 
collected using a LI-COR LAI-2200C Plant Canopy Analyzer (LI-COR Biosciences: 
Lincoln, NE, USA). This data was then analyzed using ArcGIS and kriging to interpolate 
LAI values between measured points. LAI values were also compared with the elevation of 
the potholes using 3 m resolution LIDAR data taken from the Iowa DNR Natural Resources 
Geographic Information Systems Library (https://programs.iowadnr.gov/nrgislibx/). 
 A Solinst Levelogger was used to collect the pressure of ponded water within the 
lowest elevation of the pothole. A Solinst Barologger was used to collect atmospheric 
pressure, which was used to convert the pressure of ponded water to a ponded depth (Martin, 
in prep). 
2.6 Weather Data 
2.6.1 Observed Weather Data 
For the Been field and Bennett field sites, weather data containing hourly 
measurements of solar radiation, temperature, relative humidity, precipitation, and wind 
speed were taken from three weather stations located nearby. The first weather station 
(Station 1) is located at the Agricultural Engineering and Agronomy Research Farm in 
Boone, IA (42.0204° N,-93.7738° W; Iowa Environmental Mesonet; 
https://mesonet.agron.iastate.edu) approximately 8 km northwest of the site. The second 
weather station (Station 2) is located approximately 5 km southeast of the site (41.9542° N,-
93.6406° W; U.S. Department of Agriculture, Agricultural Research Service). The third 
station (Station 3) is located at Ames Municipal Airport (41.9921° N,-93.6239° W), 
approximately 5 km east of the field site. These data sets were used to calibrate ponding 
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depths within the model based on observed data from the Lettuce in the field and simulate the 
2002-2016 growing season. 
 Station 2 was used as the primary source of hourly weather data input. If a data gap of 
one hour was missing, an average for the missing variable was taken by using data from the 
hour before and the hour after. For any data gaps longer than one hour observation, an 
average was taken between Station 1 and Station 3 and used to fill that gap. Since Station 3 
did not record radiation data, radiation data was taken directly from Station 1 to fill any 
radiation data gaps in Station 2. 
2.6.2 Future Precipitation Scenarios 
Three precipitation scenarios were created (Low, Middle, High) by multiplying the 
observed average accumulated 15 year (2002-2016) precipitation recorded at Station 2 of the 
spring (March, April, May) and summer (June, July, August) months by a weighted, 
randomized factor to increase (spring) or decrease (summer) the intensity of precipitation in 
these months (Table 2). For example, all precipitation data in the month of March was 
multiplied by 1.58 for the Middle scenario to increase precipitation amounts, and by 0.61 in 
June to decrease precipitation amounts. Average annual accumulated precipitation was kept 
within 2.5% of the observed. 
To simulate a future precipitation scenario benchmark, precipitation data was taken 
from the NARCCAP Canadian Regional Climate Model and NCAR Community Climate 
System Model (CRCM CCSM) regional climate/general circulation model combination for 
the years 2049 to 2068 and interpolated to an hourly timestep (Bagley et al., 2015). The 
average annual accumulated precipitation (2049-2068) was used to create factors to multiply 
the 15 year average annual accumulated precipitation data taken from Station 2 to match the 
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CRCM CCSM precipitation curve. The general circulation model was forced with the 
Special Report on Emissions Scenarios (SRES) A2 emissions scenario, a higher end 
emissions scenario that sees CO2 concentrations increasing to 870 ppm by the end of the 21st 
century, along with an increase in other greenhouse gases such as methane and nitrous oxide 
(Nakicenvoic et al. 2000). 
The Low scenario simulates drier springs than the observed, the Middle scenario 
simulates springs with precipitation values between the CRCM CCSM model and the 
observed, and the High scenario simulates wetter springs greater than that of the CRCM 
CCSM model (Figure 4). Two more precipitation scenarios were created (Moderate and 
Aggressive) to simulate increased precipitation frequency in the spring and decreased 
precipitation frequency in the summer. In the Moderate scenario, nine days of precipitation 
were randomly taken out of the summer months and randomly placed into the spring months 
to create an average increase of about one consecutive dry day for the summer. A 
consecutive dry day is defined as the average number of days receiving less than 1 mm of 
precipitation. In the Aggressive scenario, 15 days of precipitation were randomly taken out of 
the summer months and placed into the spring months to create an average increase of about 
three consecutive dry days for the summer, a conservative average based on the trends 
predicted by the 2014 National Climate Assessment (Melillo et al., 2014). 
2.7 Model Simulations 
 For the corn/soybean rotation (corn on even years, soybean for odd), the model ran 
for 15 years (2002-2016) using weather data from Station 2 under seven different 
precipitation scenarios: Control, CRCM CCSM, Low, Middle, High, Moderate, and 
Aggressive. As this study focused only on changes in precipitation, only precipitation data 
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from Station 2 was replaced by values from the precipitation scenarios. All other weather 
variables used by the model (wind speed, relative humidity, solar radiation, and temperature) 
were kept the same as the observed record. Miscanthus was modeled under the same weather 
conditions as the corn/soybean rotation, but with two cases to investigate the effects of two 
differing drowning thresholds on the plant. The domain focused on an 81m by 90 m area 
surrounding the Lettuce pothole in Bennett field, with crops simulated on a 27 by 30 grid 
point. To account for the change in elevation in the field, 80 simulations were run each year 
with the change in elevation subtracted from the maximum ponding depth. 
2.8 Model Evaluation and Data Analysis 
 Observed yields from Bennett and Been field for available years (2009-2015) were 
compared with AgroIBIS VSF simulated yields to show that the model could capture similar 
yields when ran with weather data from the same region. Simulated miscanthus total yield, 
stem biomass, leaf biomass, and LAI were compared to 0 N rate application 2016 miscanthus 
yields from LAMPS plots planted in 2015. Linear regression in Excel was used to test the 
significance of the relationship between elevation and 2016 corn yield (observed and 
simulated), 2016 observed corn yield and 2016 simulated yield, 2016 observed corn yield 
and LAI, and elevation and LAI. A p-value < 0.05 was considered to be significant. 
 AgroIBIS VSF output was analyzed using Matrix Laboratory and Statistics Toolbox 
(MATLAB, Release 2016b, The MathWorks, Inc., Natick, Massachusetts, United States). 
LAI data and yield monitoring data was analyzed using ArcGIS10.2.2 for Desktop. 
 Only ponding heights greater than 10 mm were considered in the creation of ponding 
depth histograms. Ponding depth histograms for future scenarios were created by subtracting 
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out the Control scenario histogram in order to look at differences between scenarios (ie. Low 
ponding histogram - Control ponding histogram). 
 Spatial yield maps for the corn/soybean rotation and miscanthus were normalized by 
dividing each year within a scenario by that scenario's total 15 year average yield. Spatial 
drown frequency maps were created by dividing the total number of times a pixel drowned 
by the total number of years ran per scenario (15).  
 Yield percent differences were calculated as such: 
[
(𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜−𝐹𝑢𝑡𝑢𝑟𝑒 𝑠𝑐𝑒𝑛𝑎𝑟𝑜)
𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜
] ×100                                                                      (2) 
to calculate the percent increase or decrease in yield of a future scenario relative to its 
respective management control (corn/soybean rotation, low drown threshold miscanthus, or 
high drown threshold miscanthus). 
 Any simulated yield that is less than 1% of the maximum yield within the domain for 
its respective year will be defined as a "total loss." 
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CHAPTER 3 
RESULTS 
3.1 Background/Climate 
 Cumulative annual precipitation was similar in 2016 (907 mm) to the 36-year (1980-
2016) climatology (839 mm) for Ames, IA. However, relative to climatology, 2016 was drier 
in spring and summer (March – August) and wetter in the fall (September – November; 
Figure 5). Relative to climatology, spring and summer maximum temperatures were slightly 
cooler on average (-0.1 °C and -0.3 °C), and minimum temperatures were warmer on average 
(1.2 °C and 1.0 °C; data not shown). 
3.2 Observed Yield 
 Between Been and Bennett Farms, the average yield for corn from 2009-2016 
(excluding 2010) was 11.22 Mg ha-1 (178.80 bu/ac; Figure 6a). The average yield for soybean 
from 2009-2015 (excluding 2009 and 2011), was 3.08 Mg ha-1 (45.73 bu/ac; Figure 6b). 
Yield data was not available for 2010 corn or 2009 and 2011 soybean. Corn had the highest 
yield in 2016 at 12.93 Mg ha-1 (206.02 bu/ac), and soybean had the highest yield in 2015 at 
3.26 Mg ha-1 (48.54 bu/ac). At Sorensen, for 0 nitrogen rate application, 2016 average 
miscanthus yield (Table 3) was 16.55 Mg ha-1 for rhizomes planted in 2015. 
3.3 Observations/Measurements 
 In 2016, corn yields in Bennett field were similar to the county average (13.3 Mg ha-
1; USDA) but varied substantially at the subfield scale, with values ranging from 0 to 16.3 
Mg ha-1 (0 to 260 bu/ac; Figure 7). Lower yields are seen where ponding occurred in the 
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pothole features indicated by the dark brown colors. Areas of higher yield exist around the 
border of the pothole.  
 LAI measurements from the same domain capture a similar pattern to the yield map 
(Figure 8a). Values range from 0.0 m2m-2 in the center of the pothole and increasing outward 
from the pothole to 4.0 m2m-2 in areas that had high yields. The spatial pattern in measured 
LAI corresponded well with the few higher yielding areas from along the border of the 
pothole (LAI values ≥ 3.0) surrounded by LAI values around 1.0. Elevation contours are 
overlaid onto the LAI map (Figure 8b). The lowest elevations are found within the center of 
the pothole. Across the domain, there is approximately 0.7 m of relief in surface elevations. 
Bolded contours indicate the extent of flooding that could occur if the depth of ponding in the 
center of the pothole reached 0.12 m, 0.20 m, and 0.56 m. Elevation and LAI were positively 
correlated (R2 = 0.53, p < 0.05; Figure 9a). LAI and yield were positively correlated (R2 = 
0.45, p < 0.05; Figure 9b). LAI ranges from 0 to 4.0 and yield ranges from 0 to 14.3 Mg ha-1. 
In general, there is an increase in observed yield with elevation (R2 = 0.53 and p < 0.05; 
Figure 10a), but only to a certain elevation range as the plot appears to be almost piecewise. 
Yields increase up to about 309.9 m (0.3 m increase from the center of the pothole), and at 
higher elevations, yields level out to a range between 10 Mg ha-1 and 12 Mg ha-1. 
3.4 Model Evaluation 
 Field averaged simulated yields were within 4.8% of average observed corn yields 
and 1.9% of average observed soybean yields (Figure 6a and 6b). The difference between 
these means were not significant (p > 0.05). When incorporating the effects of ponding and 
elevation into the model, the 2016 simulation of corn corresponded to the piecewise shape of 
the observed 2016 yield versus elevation (R2 = 0.53 and p < 0.05; Figure 10a). Simulated 
22 
 
yields increased as ponding decreased (i.e. elevation increased), and were similar to observed 
yields (simulated = 0.90*observed, R2 = 0.48; p < 0.05; Figure 10b). 2016 simulated spatial 
corn yields also reflected the shape of the observed pothole (Figure 11). Lowest simulated 
yields are found within the center of the pothole and the lowest elevations, with yields 
increasing going out of the pothole. 
 Simulated miscanthus LAI captures the early season increase and the start of the late 
season decrease, with maximum LAI greater than the observed (Figure 12). Maximum 
measured LAI was 8.65 m2m-2 and maximum simulated LAI was 9.00 m2m-2. Simulated total 
(stem and leaf) miscanthus yield (18.78 Mg ha-1) was within 13.5% of the average observed 
miscanthus yield (16.55 Mg ha-1 +/- 1.38 standard error; Table 3). Simulated stem yield 
(14.28 Mg ha-1) and simulated leaf yield (4.54 Mg ha-1) were within 8.9% and 427.9%, 
respectively. 
3.5 Precipitation Scenarios 
 Total ponded hours averaged 28846 hours for the Control scenario, with 97.5% of the 
ponds <300mm, 2.1% >300 and <500 mm and 0.4% >500 mm (Table 4). The corn/soybean 
simulation total ponded hours increased for most scenarios with increasing precipitation 
(Figure 13 b,c,e-g). High and Aggressive scenarios had the greatest number of total ponded 
hours between future scenarios (Figure 13 e,g). For the low drown threshold miscanthus 
simulations, the High and Aggressive scenarios had the greatest number of total ponded 
hours (Table 4). The Moderate and Aggressive scenarios had the greatest number of total 
ponds for the high drown threshold miscanthus simulations. For all three managements 
amongst the future precipitation scenarios, the Moderate and Aggressive scenarios have the 
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greatest number of 10-300 mm ponded hours and the High scenario had the greatest number 
of 300-500 mm ponded hours. 
 Figure 14 shows subplots of the yield across the domain for a 15 year simulation for 
the corn/soybean rotation and Control scenario. The varying effects of the pothole (area of 
lowest yields) can be seen across the 15 years. Figure 15a shows the 15 year average yield 
for the corn/soybean rotation under the Control scenario. Figures 15b and 15c show the 15 
year average yield for the low drown threshold miscanthus and high drown threshold 
miscanthus Control scenarios minus the data in 15a, respectively. Lower yields are 
consistently found within the center of the pothole (lowest elevations) for all crops. Yields 
increase with higher elevations as the effect of the pothole diminishes. At the highest 
elevations, the effects of drystress on the crop is seen and yields decrease. 
 Figures 16a and 16b show the frequency that corn/soybean and miscanthus with the 
lower drowning threshold were drowned across the 15 year simulation for each scenario. 
Miscanthus with the higher drowning thresholds were never drowned. Drowning does not 
necessarily mean zero yield because drowning can occur at different times for crops 
throughout a year. The timing of the drown relative to crop stage will dictate if there is any 
yield loss. Areas with the highest drowning frequency are located within the pothole. The 
corn/soybean rotation saw the same areas of 100% drowning across all seven scenarios. 
Miscanthus never reached 100% drowning in any of the scenarios, but did have some areas 
of drowning in 14/15 of the years for each scenario. There was a higher frequency of 
drowning for the corn/soybean rotation than miscanthus.  
 Figures 17a and 17b show the percentage of the total loss of the domain per year per 
scenario as another method of characterizing loss of yield due to drowning. The corn/soybean 
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rotation had total losses across all years and scenarios, whereas miscanthus saw multiple 
years across different scenarios with no total losses. Mean total loss, across the seven 
scenarios, for miscanthus stayed below 10% and mean total loss for the corn/soybean rotation 
was greater than 25%. For the corn/soybean rotation, the difference between means were not 
significant (p > 0.05). Means were significantly different (p < 0.05) between the Low and 
High scenario low drowning threshold miscanthus. 
 Figure 18 shows the domain average yield of the corn/soybean rotation and 
miscanthus (low and high threshold) across the 15 year simulation for each scenario (values 
listed in Table 5). Corn and high drown threshold miscanthus had the highest average yield 
under the CRCM CCSM scenario (3.20 Mg ha-1 and 20.59, respectively Mg ha-1). Low 
drown threshold miscanthus had the highest average yield under the Low scenario (18.15 Mg 
ha-1). Miscanthus with the higher drowning thresholds has higher yields than the lower 
threshold miscanthus for all scenarios.  
 Yield for each scenario was compared to its respective control to calculate the percent 
difference from the control (Figure 19). The Middle and CRCM CCSM scenario saw 
increases in yield across the three managements (1.8%, 0.8%, and 1.4%, and 9.8%, 1.6%, and 
1.9%, respectively). The High, Moderate, and Aggressive scenarios all resulted in a decrease 
in yield across the three managements. Miscanthus with the low threshold saw an increase in 
yield for the Low scenario (5.7%), while the corn/soybean rotation and high threshold 
miscanthus saw a decrease in yield (-5.5% and -0.6%, respectively). The corn/soybean 
rotation experienced the greatest decrease in yields (-14.9%) under the Aggressive scenario. 
Averaged across all scenarios, all three managements saw a decrease in yield. Corn/soybean 
rotation saw the greatest decrease (-3.3%), miscanthus with the lower drowning threshold 
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had the next lowest decrease (-2.4%), and miscanthus with the higher drowning threshold 
had the least decrease in yield (-0.9%; Figure 20). The boxplots in Figure 21 capture the 
variability in the percent differences. The difference between these means were found to be 
not significant (p > 0.05). 
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CHAPTER 4 
DISCUSSION 
 Trends in current climate and projections of future climate show an increase in the 
amount of spring precipitation and decrease in the amount of summer precipitation (Karl et 
al., 2009, Takle and Hofstrand 2008). An increase in the amount of early growing season 
precipitation can lead to decreased yields, especially in areas that currently see frequent 
ponding such as farmed potholes. It has been suggested that changing from annual to 
perennial land-use in potholes could increase productivity and decrease environmental 
impacts related to fertilizers in these regions due to the decreased input requirements of 
miscanthus and increased drowning tolerance, especially in the context of future precipitation 
variability (Dohleman and Long, 2009; Gleason et al., 2009; Mann et al., 2013; Bailey-Serres 
2014). However, there is little quantitative evidence to evaluate how a perennial grown and 
harvested for biomass might perform differently in potholes, especially under future climate 
conditions.  
 This study quantified the effects of multiple future precipitation scenarios on pothole 
ponding and the resulting yields of a conventional corn/soybean rotation and alternative 
miscanthus management. We investigated how precipitation and elevation data can be used 
to predict ponding depth and extent using an empirical model. We have also shown that the 
extent of farmed potholes can be mapped using LAI data collected around crop maturity. Our 
study is novel because, to the author’s knowledge, it is the first to combine a physically 
based, mechanistic model with spatially explicit data at the field, canopy, and leaf scale in 
order to generate a spatially explicit simulation of the impacts of excess soil moisture on 
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yield. To account for uncertainty in future climate change, multiple scenarios were created. 
Similar methods have been employed to capture this variability. For example, Tubeillo et al. 
(2002) generated four climate scenarios based on historical record and modified by output 
from two separate general circulation models to study the effects of climate change on US 
crop production. 
 We used this novel framework to test a set of three hypotheses related to the response 
of differing land-use to variations in recent and future climate. On average for the Control 
scenario, 40.4% of corn/soybean yields were a total loss, and only 2.2% of the low threshold 
miscanthus yields were a total loss (Figure 17).The corn/soybean rotation had more frequent 
total losses than miscanthus. All 15 years (100%) of conventional management experienced 
total loss (Figure 17a), whereas miscanthus only had 11 years (73.3%) that experienced total 
loss (Figure 17b), supporting hypothesis 1.  
 The depth and frequency of ponding did not necessarily increase under future 
precipitation scenarios, partially supporting hypothesis 2 (Table 4). The CRCM CCSM 
scenario had fewer ponded hours compared to the Low scenario. Scenarios where 
precipitation intensity was increased (Middle, CRCM CCSM, and High) had a greater 
number of deeper (300-500 mm) ponds compared to the current climate supporting (2a; 
Table 4). Relative to the intensity scenarios, the scenarios where frequency of precipitation 
was increased (Moderate and Aggressive), had a greater number of shallower (10-300 mm) 
ponded hours, supporting (2b; Table 4).  
 Our hypothesis that (3) losses due to ponding will be greater in the conventional 
management of corn/soybean rotation relative to the perennials under any future precipitation 
scenario was partially supported by our results. Under the Middle and CRCM CCSM 
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precipitation scenarios, the corn/soybean rotation and miscanthus actually saw an increase in 
yield (Figure 18). For the High and Moderate scenarios, the miscanthus with the lower 
drowning threshold had greater losses (-13.6% and -7.4%) than the corn/soybean (-8.8% and 
-2.1%). Corn and soybean only experienced greater loss in yield than both the low and high 
threshold miscanthus for the Aggressive scenario (-14.9%; Figure 19). While the relative 
losses were greater for some miscanthus scenarios, miscanthus did better in overall 
production than the corn/soybean rotation (Table 5).  
 One reason as to why miscanthus experienced a greater area of drowning and loss of 
yield for some future scenarios compared to the corn/soybean rotation is due to the nature of 
the drown function and how miscanthus is planted. The drown function will track how often 
a pond is greater than the height of the plant. The miscanthus rhizome is in the ground for a 
longer period of time relative to corn or soybean because it is a perennial, thus the period of 
drowning susceptibility is longer under miscanthus relative to corn or soybean. 
 The negative effect of excess soil moisture on crop yield in this study is in agreement 
with the study performed by Rosenzweig et al. (2002), who used the CERES-Maize crop 
model to assess the impacts of excess soil moisture from heavy precipitation on corn growth 
and yield. Rosenzweig et al. (2002) found that yield decreases were larger under future 
climate scenarios of increased precipitation and increased frequency of extreme precipitation 
events than the current climate regime. Nine sites from United States Corn Belt were 
modeled, one of which was Des Moines, IA. CERES-Maize originally had no stress to crop 
growth under prolonged conditions of excess soil water, so Rosenzweig et al. (2002) 
introduced a function that would damage root growth ability after three consecutive days of 
soil saturation. 
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 Previous studies using AgroIBIS VSF, while not specifically investigating ponding 
effects on crops, have focused on the effects of a shallow water table. Soylu et al. (2014) 
found that a water table less than 0.8 m from the surface produced anaerobic conditions that 
negatively affected plant physiology. Zipper et al. (2015) found that soil texture and in-
season weather dictate the interaction between groundwater and yield, and that it is important 
for all three of these factors (water table depth, soil texture, and weather) to be considered 
when making management decisions. 
 Even though this study was parameterized around one pothole, this study shows that 
AgroIBIS VSF can be used to characterize the effects that farmed potholes have on yield. 
Given observations of ponding depths and soil data, the same methods could be used to 
characterize other potholes. This study also shows that miscanthus has the potential to be a 
viable alternative crop to the conventional corn/soybean rotation in farmed potholes, 
especially under a changing climate, as across all variable scenarios it had the least 
percentage loss in yield. Economic assessments should be performed to compare the costs 
and profitability of each management practice to gauge the investment necessary to convert 
from the corn/soybean rotation to perennial miscanthus in farmed potholes. Management 
decisions can also be aided by future studies that investigate other species and genotypes of 
miscanthus that may be better suited or adapted for the moisture conditions found in 
potholes, such as switch grass or prairie cord grass. While this study focused only on the 
impact of precipitation, we acknowledge that there are more factors that can affect final yield 
in a changing climate, such as increasing temperatures, increasing CO2 concentrations, biotic 
stresses, and plant diseases. With respect to our specific land form of focus (farmed 
potholes), precipitation would likely dominate these factors. 
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 Because AgroIBIS VSF is a model and there are assumptions that go into it, there 
exist limitations that are currently not accounted for, but could be refined for a future study. 
One limitation is the use of an empirical ponding model. Compared to observations, the 
model tended to underestimate larger ponding events due to a faster drainage rate. The model 
also created ponds that did not exist in the 2016 observed record, and missed a pond that did 
exist for the 2016 observed ponded data, showing that modeled ponding events do not 
perfectly patch up with what would be expected. Another limitation exists in how miscanthus 
is treated when it is drowned by the model. Currently, miscanthus will re-establish itself in 
the next growing season based on the nutrients stored in the rhizome during its growth period 
if it is drowned. In reality, if miscanthus is killed it will have to be completely replanted, 
which the model does not account for. AgroIBIS VSF also does not account for the 
horizontal transport of water between grid points, which if incorporated, would result in more 
accurate soil moisture distribution in the pothole along with a more accurate capture of runoff 
from the soil surface. 
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CHAPTER 5 
CONCLUSION 
 It is important to understand the influence of potholes on yield since their extent will 
grow with a changing climate and increasing precipitation trends in the early growing season. 
A crop such as miscanthus that is more tolerant to flooding and longer durations of 
waterlogged soils is a proposed alternative to be planted in farmed potholes since yields 
under the conventional corn/soybean rotation will see a larger decrease under future 
precipitation scenarios. Our findings show that potholes can be individually modeled, and 
their influence on yield can be quantified for use in future management decisions dictated by 
change in climate. 
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FIGURES & TABLES 
 
 
 
Figure 1. Hourly (x-axis) observed and empirical ponding depth (y-axis, eq. 1; mm) for the 
lowest elevation in the Bennett field pothole for the 2016 growing season. 
 
 
Figure 2. Aerial photo showing study sites Sorensen, Bennett, and Been in relation to Iowa 
State University. 
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Figure 3. Aerial photo of Bennett (north) and Been (south) fields highlighting potholes. 
Pothole A is located in Bennett field and is the Lettuce pothole. Pothole B is located in Been 
field and is the Bunny pothole.  
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Figure 4. Average accumulated precipitation (mm) of current climate (Been) and the four 
varying precipitation scenarios Low, Middle, CRCM CCSM, and High. 
 
 
 
Figure 5. The 36-year accumulated precipitation (mm) climatology for Ames (blue line) and 
2016 Been field (red line; Station 2). 
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Figure 6. Observed corn (a) and soybean (b) yield from Bennett and Been fields 
compared to AgroIBIS VSF simulated yields. Observed yield data for 2010 corn, and 
2009 and 2011 soybean were unavailable. Simulated yield followed a corn/soybean 
rotation, with soybean on even years and corn on odd. Error bars represent standard 
deviation of yield for that year. 2009 and 2011 observed corn yield have no error bars 
because data was given as one mean yield for those years. The difference between 
means for both the simulated and observed yields were not significant (p > 0.05). 
a 
b 
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Figure 7. Observed yield map from Lettuce pothole in 2016 for corn. Yield comes from 2016 
combine harvest data. Each pixel represents a 3x3 m resolution. The total size of the domain 
is 7290 m2. 
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Figure 8. Observed LAI map from Lettuce pothole in 2016 for corn (a). Shading is 
interpolated LAI (m2m-2) value. Elevation is overlaid on the inpterpolated LAI map from 
Lettuce pothole in 2016 for corn (b). Elevation contours are 0.05 m. Bold lines indicate the 
extent of ponding if pond depth in the center of the pothole reached 0.12 m, 0.20 m, and 
0.56 m. These depths reflect the 2016 ponding depth observations at three different low, 
middle, and high ponding events. 
a 
b 
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Figure 9. Measured LAI versus elevation (p < 0.05) for corn in Lettuce pothole, 2016 (a). 
Observed yield versus LAI (p < 0.05) for corn in Lettuce pothole, 2016 (b). 
 
a 
b 
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Figure 10. Observed and simulated corn yield versus elevation (a). Elevation versus 
observed yield had an R2 = 0.53, p < 0.05. Elevations versus simulated yield had an       
R2 = 0.53, p < 0.05. Observed versus simulated corn yield for Lettuce pothole, 2016 (b; p 
< 0.05). 
a 
b 
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Figure 11. Simulated spatial yield of corn at Lettuce pothole, 2016. 
 
 
Figure 12. A comparison of simulated and observed miscanthus LAI. The range between 
minimum and maximum measured values are shown. 
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Figure 13. Histogram of ponded hour depths for corn/soybean rotation Control scenario. 
Remaining subplots show histogram of other scenarios - histogram of Control. Red lines 
denote a relative mid and high elevation ponding hour depth. Red lines denote a separation 
between 0-300 mm ponds, 300-500 mm ponds, and ponds greater than 500 mm to create a 
reference point of a mid and high elevation pond depth, due to the way elevation was 
accounted for in the model. For example, a 350 mm pond at the lowest modeled elevation 
would be 350 mm, and at an elevation modeled at +300 mm, the ponded value would be the 
ponded depth minus the increase in elevation (350 mm - 300 mm = 50 mm of ponding). 
Positive ponding depths indicate a greater frequency than the Control. 
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Figure 14. Corn/soybean spatial yield for 15 years under the Control scenario. Dark blue 
colors indicate low yielding areas. The variability of the pothole extent can be observed year 
to year. 
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Figure 15. Fifteen year total average corn/soybean Control yield (a), low drown threshold 
miscanthus (MxG) fifteen year total average minus corn/soybean Control (b), and high 
drown threshold miscanthus (MxG) fifteen year total average minus corn/soybean Control 
(c). Subplots b and c highlight the spatial difference in yield compared to corn/soybean. 
 
 
 
 
 
a 
b 
c 
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Figure 16. Spatial drowning frequency plots of corn/soybean rotation (a) and low 
drowning threshold miscanthus (b) for each scenario. Percentage indicates how often a 
pixel was drowned within the 15 year simulation. 
a 
b 
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Figure 17. Percentage of total loss of corn/soybean yields per year per scenario (a), axis 
ranges from 0-90%. Corn is even years and soybean is odd years. Percentage of total loss of 
low drown threshold miscanthus per year per scenario (b), axis ranges from 0-35%. Letters in 
the legend indicate which means are statistically significant from one another. 
a 
b 
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Figure 18. Fifteen year average yield across all scenarios and managements. 
 
Figure 19. Fifteen year average percent difference from the Control scenario. Negative 
differences indicate a loss in yield relative to the Control and positive differences indicate an 
increase in yield. 
Total Average Yield per Scenario
Control Low Middle CRCM CCSM High Moderate Aggressive
Scenario
0
5
10
15
20
25
M
g
/h
a
Corn/Soybean
MxG Low Threshold
MxG High Threshold
Yield Percent Difference From Control
Control Low Middle CRCM CCSM High Moderate Aggressive
Scenario
-15
-10
-5
0
5
10
P
e
rc
e
n
t 
D
iff
e
re
n
c
e
Corn/Soybean
MxG Low Threshold
MxG High Threshold
52 
 
 
Figure 20. Average percent difference from Control across all six scenarios for each 
management. Negative differences indicate a loss in yield relative to the Control. The means 
were found to not have any statistical difference (p > 0.05). 
 
Figure 21. Boxplots of the average percent difference from Control across all six scenarios 
for each management. Red lines denote the median value.     
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Table 1. Drowning thresholds of simulated crops. Hours indicate consecutive accumulation. 
 
 
Table 2. Precipitation of the listed months from the Been field (Station 2) weather record 
were multiplied by the following factors to create four varying precipitation scenarios. 
 
 
Table 3. Mean observed (n = 4) and simulated miscanthus total, leaf, and stem yield. 
Observed values were harvested on 1/23/2017. Simulated miscanthus is harvested at the end 
of each year, in this case 12/31/2016. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Crop
Hours 
Above Crop
Hours 
Ponded
Min 
Depth
Corn 24 72 10 mm
Soybean 24 72 10 mm
Miscanthus Low 42 139 30 mm
Miscanthus High 1344 1344 30 mm
March April May June July August
Low 0.86 0.80 0.72 1.18 1.19 1.05
Middle 1.58 1.15 1.12 0.61 0.78 0.99
CRCM CCSM 1.10 1.20 0.80 0.80 0.80 0.97
High 1.96 1.40 1.28 0.47 0.70 0.78
Scenario
Precipitation Factor
Average 
Observed Yield 
(Mg ha¯¹)
Standard Error of 
Observed Yield 
(Mg ha¯¹)
Simulated 
Yield (Mg ha¯¹)
Total (Leaf + Stem) 16.55 1.38 18.78
Leaf 0.86 0.20 4.54
Stem 15.69 1.39 14.28
54 
 
Table 4. Frequency of the positive differences of Scenario - Control ponded hour depths per 
scenario. Control scenario shows total ponded hour frequency for magnitude reference. 15 
year average max extent of ponded surface area is also listed. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Crop Scenario
10 - 300 mm 
Ponded Hours
300-500 mm 
Ponded Hours
500+ mm 
Ponded Hours
Total Ponded 
Hours
Average Max 
Surface Area 
(m²)
Control 27948 602 125 28675 4167
Low 788 125 0 913 3492
Middle 1093 49 0 1142 3960
CRCM CCSM 374 48 0 422 3600
High 1029 401 0 1430 4167
Moderate 1343 40 0 1383 3600
Aggressive 1569 1 0 1570 3492
Control 27980 602 125 28707 4167
Low 822 129 0 951 3492
Middle 1048 52 0 1100 3960
CRCM CCSM 380 47 0 427 3600
High 1007 401 0 1408 4167
Moderate 1352 39 0 1391 3600
Aggressive 1634 1 0 1635 3492
Control 28430 602 125 29157 4167
Low 804 127 0 931 3492
Middle 1066 54 0 1120 3960
CRCM CCSM 395 49 0 444 3600
High 951 400 0 1351 4167
Moderate 1374 39 0 1413 3600
Aggressive 1665 1 0 1666 3492
Corn/Soybean
Miscanthus Low 
Drown 
Threshold
Miscanthus High 
Drown 
Threshold
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Table 5. Fifteen year average yield across all scenarios and managements. 
 
 
  
Crop Scenario
15 Year Average 
Yield (Mg ha¯1)
Control 2.92
Low 2.76
Middle 2.97
CRCM CCSM 3.20
High 2.66
Moderate 2.86
Aggressive 2.48
Control 17.17
Low 18.15
Middle 17.30
CRCM CCSM 17.45
High 14.84
Moderate 15.89
Aggressive 16.96
Control 20.21
Low 20.09
Middle 20.49
CRCM CCSM 20.59
High 19.89
Moderate 19.30
Aggressive 19.88
Corn/Soybean
Miscanthus 
Low Drown 
Threshold
Miscanthus 
High Drown 
Threshold
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APPENDIX 
SUPPLEMENTARY MATERIAL 
 
Figure S1 - Corn/Soybean Yield – Low Scenario 
 
Figure S2 - Corn/Soybean Yield – Middle Scenario 
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Figure S3 - Corn/Soybean Yield – CRCM CCSM Scenario 
 
Figure S4 - Corn/Soybean Yield – High Scenario 
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Figure S5 - Corn/Soybean Yield – Moderate Scenario 
 
Figure S6- Corn/Soybean Yield – Aggressive Scenario  
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Figure S7- Miscanthus Low Threshold Yield – Control Scenario 
 
Figure S8 - Miscanthus Low Threshold Yield – Low Scenario 
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Figure S9- Miscanthus Low Threshold Yield – Middle Scenario 
 
Figure S10- Miscanthus Low Threshold Yield – CRCM CCSM Scenario 
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Figure S11 - Miscanthus Low Threshold Yield – High Scenario 
 
Figure S12 - Miscanthus Low Threshold Yield – Moderate Scenario 
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Figure S13 - Miscanthus Low Threshold Yield – Aggressive Scenario 
 
Figure S14 - Miscanthus High Threshold Yield – Control Scenario 
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Figure S15- Miscanthus High Threshold Yield – Low Scenario 
 
Figure S16- Miscanthus High Threshold Yield – Middle Scenario 
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Figure S17 - Miscanthus High Threshold Yield – CRCM CCSM Scenario 
 
Figure S18 - Miscanthus High Threshold Yield – High Scenario 
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Figure S19 - Miscanthus High Threshold Yield – Moderate Scenario 
 
Figure S20 - Miscanthus High Threshold Yield – Aggressive Scenario 
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Figure S21 – 2011 corn yield map for Been Field. Low yield due to a pothole can be seen in 
the north east corner. 
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Figure S22 – 2012 soybean yield map for Been Field. For this drought year, larger yields are 
found in north east corner compared to Figure S21around the pothole. 
